where Si(λ) is the spectral sensitivity of each channel i (i = 1,...,P), E(λ) and R(λ) refers to the spectral power of the light 2010 © The Japan Society for Analytical Chemistry † To whom correspondence should be addressed. The RGB values obtained from a digital camera were employed for reconstruction of spectral data of transparent colored solutions. A capturing box was assembled, and a spectral dataset gathered from colored solutions was used for this purpose. The matrix R method was employed to reconstruct the spectral transmission from RGB data. Two different light sources i.e. fluorescent and halogen lamps, were employed to achieve two sets of camera responses. The results of spectral transmission recovery confirmed the applicability of the matrix R method by the value of 3.24% as the average of root mean square percentage errors between the actual and reconstructed spectra. The reconstructed transmissions were converted to absorbance spectra, and the concentrations of colored solutions were simply estimated by Beer's Law. The estimated concentrations were within the acceptable concentrations errors for some types of applications, such as estimating the amount of dyestuff in the dye solution.
introduction
Spectral behaviors of objects are known as fingerprints, and spectrophotometers are standard instruments to measure such data. Depending on the optical property of a sample, the spectral transmission, absorption and reflectance of the object can be measured and used for further analytical trials, such as concentration estimation. Although spectrophotometers provide valuable spectral data, they are relatively expensive and occasionally unavailable. On the other hand, by significant improvements in the manufacturing and marketing of color acquisition devices, such as digital still cameras and scanners, they become more popular and easily accessible, similar to PCs and laptops. During the last decade, great attention has been paid to estimate spectral data from colorimetric information, mostly in the RGB form. [1] [2] [3] [4] [5] Spectral reconstruction techniques are one of many problems which employ different mathematical solutions, and can generally be classified in various categories. One of the most applicable techniques is called learning-based or indirect reconstruction, which needs a calibration target to achieve a relationship between camera signals and spectral information. Some types of modifications were also introduced to improve the outcomes of this method. For example, to provide more accurate spectral recovery, the camera responses have been increased by imaging samples under different illuminants, 6, 7 or by implementing colored filters 3, 8 in front of the camera.
While the recovery of spectral data from independent standard colorimetric tristimulus values, such as standard CIEXYZ or device-dependent data, like RGB, has been mostly restricted to opaque samples, the synthesizing of spectral transmission data of transparent samples has been recently investigated. 9 The employed techniques were ended to spectral prediction, and did not extend to further analysis, such as concentration estimation. However, the RGB colorimetric data was directly employed to estimate the iron and chlorine ion concentration in water, 10 and a concentration estimation of dye tracer in soil science. 11 Undoubtedly, the concentration of transparent colored solutions could be estimated by Beer's law by synthesizing the spectral transmission (absorption) spectra. In this way, the most fundamental information for the characterization of a system, such as absorption isotherms and dyeing kinetics in a dyeing procedure, could become available. This paper presents the results of spectral transmission reconstruction of a set of transparent colored solutions from the RGB data by using a commercial digital still camera. Then, the concentrations of solutions are estimated from reconstructed transmission curves. A wide range of colored solutions is prepared, and the matrix R method employed to recover the spectral transmission of different samples of colored solutions.
Camera model
A camera model predicts the image pixel digital counts of the spectral power distribution of physical stimuli, and depends on the camera setup. The typical camera setup requires fixing the lens aperture, the distance of the camera and the target, the position of the light source and the minimization of ambient light. By assuming that all camera controls are fixed, a generalization camera image formation process can be modeled by using
source and the surface reflectance (for transparent media as transmission) functions of wavelength λ, respectively; Oi is the output of the camera's sensor array for each class of sensor i; and ξi is the noise property corresponding to the ith channel. 12 If the responses of a system with three channels (P = 3) is considered at discrete wavelength, Eq. (1) could be rewritten as follows:
where the illuminant and sensor spectral sensitivity terms have been combined to give a single function of wavelength for each channel, Mi. If the system is assumed to be represented at each of 31 wavelengths (for example, 400 to 700 nm at 10 nm intervals), then the responses of each channel can be considered to be the sum of 31 terms. It is convenient to alternatively represent Eq. (2) as a single linear system, as shown in
where o is a 3 × 1 column vector of the camera responses. M is 3 × 31 matrix, where its rows represent the spectral responses of the camera multiplied by the spectral distribution of the light source, and r is a 3 × 31 column vector of the reflectance spectrum.
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Colorimetric characterization
The CIE tristimulus CIE XYZ values are defined by 
where E(λ) is the relative spectral power distribution of a selected standard illuminant; x(λ), y(λ) and z(λ) are the color matching functions of the CIE 1931 or 1964 standard observers; P(λ) is the spectral reflectance (or transmittance) of a surface and k is a normalizing factor, given by
The following equation could be simply employed to convert the CIE XYZ coordinates to CIE L*a*b* values: 
where Xn, Yn and Zn are the tristimulus values of the employed illuminant. 13 The characterization process derives the relationship between the device-dependent (RGB) values and the device-independent (CIE XYZ or CIE L*a*b*) color coordinates for a calibrated device, and polynomial transforms are widely used for this purpose. 5, [14] [15] [16] For many cameras, the process of characterization can be considered to consist of two stages: i.e. the first stage performs a linearization for certain devices, and the second stage transforms the linearized values into CIE XYZ or CIE L*a*b* tristimulus values. The second stage of camera characterization requires that mapping is found between the linearized camera RGB values and the CIE tristimulus values. In terms of the matrix algebra it is necessary to find the matrix A,
where T is a n × 3 matrix of tristimulus values (CIE XYZ or CIE L*a*b*), C (for an over-determined system) the n × m matrix of camera responses and A a m × 3 matrix containing coefficients. The matrix A could be directly found by
where C + denotes the pseudo-inverse of C. In this work a non-linear correction of the RGB values were employed before the regression by applying a cubic root function:
Matrix R method The term of multispectral imaging is used to define techniques and methods that may be used to recover spectral information from a camera system with small numbers of channels, such as 3 or 6 channels. Recently, Zhao and Berns 4 offered a new method for reconstructing spectral information based on implementation of the matrix R method. Matrix R can be calculated from matrix A, which involves the inner products of spectral color matching functions of a standard observer and the relative spectral power of an applied light source. Matrix A is an n-by-3 matrix, where n is the number of wavelengths i.e. n = 31 in the visible spectrum and its three columns are three independent primaries. Matrix R, an n-by-n symmetric matrix, can be mathematically defined as
where the prime denotes the matrix transpose and the matrix inverse is illustrated by the -1 superscript. Zhao and Berns first computed the spectral reflectance of a sample from camera signals by using the pseudoinverse method. In their work, the transformation matrix was constructed by the Moore-Penrose pseudoinverse method, while the images were captured by sequentially employing two absorption filters in front of an RGB camera for creating of two sets of RGB data and providing six-channel camera images. The spectral transformation was derived to convert multi-channel camera signals, D, of color targets to the spectral transmission factor, N, as shown below:
Furthere, PINV shows the Moore-Penrose pseudoinverse. Hence, six-dimensional colorimetric data were converted to 31-dimensional reflectance spectra by this method. Then, as shown by Eq. (13), the metameric black, shown by B, was calculated from the spectral reflectance data:
where I is an n-by-n identity matrix and N is an estimated spectral reflectance factor determined by a pseudoinverse method. 4 The second set of tristimulus values were predicted from camera signals by employing the classical colorimetric characterization method. The proposed transformation matrix, shown by TC, can be calculated by
where DL is the linearized camera signals and NC shows the tristimulus vector. Then, the fundamental stimulus (N*) can be calculated from estimated values by using
Finally, the metameric black from predicted spectral reflectance factors, B, was fused with the fundamental stimulus from estimated tristimulus values, N*, to obtain the spectral reflectance factors, R, as shown in
Experimental
A collection of 6 different commercial dyestuffs was used to prepare different colored solutions. Table 1 gives the specifications of the applied dyestuffs.
Dye solutions were mixed in different concentrations to prepare various transparent samples. The specifications of solutions, i.e. the concentrations of dyes in different mixtures, are given in Table S1 (supporting information). The spectral transmissions of samples were measured from 400 to 700 nm at 1 nm intervals using a double-beam absorption spectrophotometer, named Cary 50, from Varian. The spectral transmissions of all samples are shown in Fig. 1 . The CIE XYZ and CIE L*a*b* color specifications under D65 illuminant and 1964 standard observer were then computed from the measured spectral transmittance.
A Canon EOS D350 still camera equipped with a Canon macro lens, EF 100 mm, 1:2:8, was used in this research. The camera had 8 megapixels and used a CMOS sensor. A UV filter, named Sigma DG, was placed in front of the camera lens to reduce glare from water and glass sample holder. The captured data was saved in the CR2 (RAW) format for further processing.
A suitable box was assembled to capture solution images. A schematic diagram of the image capturing box is shown in Fig. 2 . Matt white acrylic sheets were used in the inner layer of the box, and the outer faces of the box were made of thick black acrylic sheets so as to avoid effects of unwanted ambient light, while a suitable aperture for the camera lens was prepared. Two different light sources were used to prepare two sets of RGB data. Practically, two fluorescent lamps (Philips, TL 8W/965) with a 7000 K correlated color temperature and sequentially two halogen lamps (Osram, 41870 WFL, 12 V, 50 W) with a 2500 K color temperature were placed at one end of the box. In order to avoid a heterogeneous lighting condition, a light diffuser sheet was set in front of the lamps. In the middle of the box, a sample holder was designed to set between the diffuser and the camera lens over a black separator. In fact, no light could stimulate the camera sensors, expect for those that passed through the sample holder. A standard glass sample holder with a size of 2 cm width, 1 cm depth and 3 cm height was used in the hole arranged in the black separator.
Matlab (Ver. 7) software from the MathWorks was employed to conduct all computations. The captured images in the raw CR2 format were converted to a readable Matlab file using public domain software, named dcraw.c.
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In fact, the CR2 format was changed into the 16-bit PPM (Portable Pixmap) format by this code.
Linearization of the camera responses was executed by gray patches of a Kodak Q_60 color chart (IT8.7/2). Since the responses of the camera signals to these patches were adequately linear, a gray balance calibration was not necessary, and raw data were directly used in subsequent processing.
RGB raw data after implementing a pre-correction with the cubic root function were performed to convert these data to CIE L*a*b* values. 5 Different transformation matrixes were examined, and a 17-term polynomial led to the best results, which are shown in Eq. (17). A variety of 105 clear solutions were used as training and testing sets during the optimization process.
results and Discussion
The results of colorimetric characterization of the digital camera with colored solutions for training and testing sets were evaluated by the color difference values using the CIEDE2000 formula 13 under fluorescent and halogen light sources, and are presented in Table 2 .
As this table shows, the accuracy of the colorimetric characterization of captured images under a fluorescent lamp is higher than that of halogen light source for both the training and testing groups. The values are, respectively, 3.38 and 3.95 for the fluorescent and halogen light sources in the testing set.
Two sets of RGB data that were gathered under fluorescent and halogen lamps were converted to spectral transmission by the pseudoinverse method. Because of a good gray balance property of the employed camera, the raw RGB data under fluorescent illumination were directly transformed to CIE L*a*b* values, and then converted to CIE XYZ data. The metameric blacks from predicted spectral transmission factors by the pseudoinverse method were fused with the fundamental stimulus from the estimated tristimulus values by colorimetric characterization to obtain the spectral transmission factors. Table 3 summarizes the results of reconstructing the spectral transmission by the matrix R method in terms of the root mean square error (RMS) between the actual and reconstructed spectra and the color difference values under the D65 illuminant and the 1964 standard observer.
Besides, for better analyzing of results, the residue of differences between the actual and the reconstructed spectra using the matrix R method was calculated, and shown in Fig. 3 .
As Fig. 3 shows, the residuals between the actual and reconstructed transmission spectra at the two ends of the spectrum are insignificant compared with the middle wavelengths. The better performance of this method in the reconstruction of these regions of visible spectra could originate from the inherent nature of the employed technique. In fact, the matrix R method is a learning-based reconstruction method, and its performance depends on the calibration set. 4 Since four out of six employed primaries were violets, blue and yellow, which exhibited significant transmission at the two ends of the visible spectrum, better learning i.e. smaller spectral differences, were achieved in such regions. The synthesized transmittance spectra were converted to absorbance behavior, and the concentrations of dyes in different solutions were easily calculated by the implementation of Beer' law. The mean and standard deviations of the error percent concentration estimated by reconstructed spectral transmission from captured RGB values between the Table 4 illustrates the mean of the error percent for each employed dyestuff. As shown in Table 4 , the solutions of some dyestuffs, such as C.I. Basic Blue 9 and C.I. Basic Yellow 13, by which their maximum absorption wavelengths were located at the two ends of the visible spectrum, benefit from a better estimation compared with others.
Conclusions
An image-capturing system was employed to estimate the concentrations of dyes in clear solutions. For this purpose, an appropriate capturing box equipped with two different illuminations was designed to obtain RGB values from a conventional digital still camera. A spectral dataset was created from colored solutions, and the matrix R method employed to reconstruct the spectral transmission from the RGB data. To improve the accuracy of the spectral reconstruction effort, two sets of camera responses were achieved by two different light sources i.e. fluorescent and halogen lamps.
The results of spectral transmission recovery clarified the applicability of the matrix R method by values of 3.24% as the average and 8.10% as the maximum of %RMS errors between the actual and reconstructed spectra.
The results of a concentration estimation of colored solutions by Beer's law illustrated that this method provided at suitable results for those dyestuffs, in which the maximum absorption wavelengths were located at two ends of the visible spectrum.
supporting information
Concentrations of prepared samples are listed in Table S1 . This material is available free of charge on the Web at http://www. jsac.or.jp/analsci/.
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